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NDH-1 complexFluorescence yield relaxation following a light pulse was studied in various cyanobacteria under aerobic and
microaerobic conditions. In Synechocystis PCC 6803 ﬂuorescence yield decays in a monotonous fashion under
aerobic conditions. However, under microaerobic conditions the decay exhibits a wave feature showing a dip
at 30–50 ms after the ﬂash followed by a transient rise, reaching maximum at ~1 s, before decaying back to
the initial level. The wave phenomenon can also be observed under aerobic conditions in cells preilluminated
with continuous light. Illumination preconditions cells for the wave phenomenon transiently: for few seconds
in Synechocystis PCC 6803, but up to one hour in Thermosynechocystis elongatus BP-1. The wave is eliminated
by inhibition of plastoquinone binding either to the QB site of Photosystem-II or the Qo site of cytochrome b6f
complex by 3-(3′,4′-dichlorophenyl)-1,1-dimethylurea or 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone,
respectively. The wave is also absent in mutants, which lack either Photosystem-I or the NAD(P)H-quinone ox-
idoreductase (NDH-1) complex. Monitoring the redox state of the plastoquinone pool revealed that the dip of
the ﬂuorescence wave corresponds to transient oxidation, whereas the following rise to re-reduction of the plas-
toquinone pool. It is concluded that the unusual wave feature of ﬂuorescence yield relaxation reﬂects transient
oxidation of highly reducedplastoquinone pool by Photosystem-I followedby its re-reduction fromstromal com-
ponents via the NDH-1 complex,which is transmitted back to the ﬂuorescence yieldmodulator primary quinone
electron acceptor via charge equilibria. Potential applications of the wave phenomenon in studying photosyn-
thetic and respiratory electron transport are discussed. This article is part of a Special Issue entitled: Photosynthe-
sis Research for Sustainability: Keys to Produce Clean Energy.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Measurement of ﬂash-induced chlorophyll (Chl) ﬂuorescence relax-
ation has been proven to be a highly informative method to study the
kinetics of photosynthetic electron transport processes, which lead to
changes in the redox state of the QA primary quinone electron acceptor
of Photosystem II (see Refs. [1–7]). The underlying phenomenon behind
themethod is themodulation of the yield of variable Chlﬂuorescence by
the reduction state of QA, which leads to high ﬂuorescence yield when
QA is in the reduced state, and to low ﬂuorescence yield when QA is in
the oxidized state (see [8–10]). As a consequence, all of the electron
transport processes that lead to changes in the redox state of QA canlorophenyl)-1,1-dimethylurea;
omo-3-methyl-6-isopropyl-p-
e; PQ and PQH2, plastoquinone
hesis Research for Sustainability:
6 62 433 434.
ights reserved.be monitored in a technically straightforward way by measuring Chl
ﬂuorescence yield.
Single turnover ﬂash illumination transfers an electron from the
water oxidizing complex to the ﬁrst quinone electron acceptor, QA,
which results in a prompt increase of ﬂuorescence yield due to forma-
tion of QA−. In PSII centers with functional donor and acceptor side elec-
tron transfer the ﬂash-induced increase of ﬂuorescence yield usually
relaxes in a monotonously decreasing fashion, consisting of three
main phases (see [1–6]). These phases are assigned to different path-
ways of QA− reoxidation as discussed in [11–13]: (i) by QB (or QB−)
which is bound to the QB site at the time of the ﬂash (fast phase,
T1 ~ 300–500 μs), (ii) by plastoquinone (PQ) which binds to the QB
site after the ﬂash (middle phase, T2 ~ 5–15 ms), and (iii) by recombi-
nation of the electron on QAQB−, via the QA−QB↔ QAQB− charge equilib-
rium, with the oxidized S2 (or S3) state of the water-oxidizing complex
(slow phase, T3 ~ 10–20 s). In the presence of electron transport inhib-
itors,which block theQB site, such asDCMU, the relaxation is dominated
by a slow component (1–2 s), that reﬂects the reoxidation of QA− via
charge recombination with the S2 state. When QB site inhibition occurs
in PSII centers in which electron transfer is partly, or completely
inhibited between the water oxidizing complex and Tyr-Z, that serves
1523Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532as intermediate electron donor to P680+ , Tyr-Z+will be stabilized andwill
act as a recombination partner of QA− instead of the S2 (S3) state leading
to a fast decaying (few ms) ﬂuorescence relaxation component [2,14].
Analysis of the ﬂuorescence decay phases gives useful information
on the kinetics of the above described electron transport processes,
andmakes it possible to calculate the rate of forward electron transport
between QA and QB (QB−), the binding rate of PQ to the QB site, as well
as the rates of charge recombination between the S2 state and the
reduced QA and QB acceptors. In addition, it is possible to estimate
the free energy (redox potential) differences between various acceptor
(QA↔ QB) and donor (Tyr-Z↔ S2) components (see [1–5]). Since the
method can be applied both in isolated thylakoid membrane prepara-
tions, and in intact cells it has become a widely used approach to
study modiﬁcations of PSII electron transfer caused either by environ-
mental stress effects, or by various mutations occurring naturally or
produced by targeted research efforts (see Refs [1–7,15–20]). Although
the dominating amount of literature data showsmonotonic decay of the
ﬂash-induced ﬂuorescence yield we have previously observed unusual
wave features in the ﬂuorescence relaxation in intact cells of the
cyanobacterium Thermosynechococcus elongatus BP-1 (denoted as
Thermosynechococcus) [21]. A biphasic decay of ﬂuorescence showing
a shoulder was also observed in Synechocystis sp. PCC 6803 (which
will be denoted as Synechocystis hereafter) [18]. This wave phenome-
non was investigated here in more detail in various cyanobacteria. The
results demonstrate that wave features in the decay of ﬂash-induced
ﬂuorescence yield represent a general phenomenon that reﬂects tran-
sient changes in the reduction level of the PQ pool due to imbalance
between the different electron transport pathways of the thylakoid
membrane.
2. Materials and methods
2.1. Culture conditions
Synechocystis and Synechococcus sp. PCC 7942 (denoted as
Synechococcus hereafter) cells were grown in BG-11 medium
on a rotary shaker under continuous illumination of 40 μmol photons
m−2 s−1 intensity white light at constant temperature of 30 °C, supplied
by 3% CO2. TheM55 (ΔndhB)mutant of Synechocystis [22] was a kind gift
of Dr. TeruoOgawa, andwas grownunder the same conditions as theWT
in BG-11 medium supplemented with kanamycin (20 μg mL−1).
The PSI-less (ΔpsaAB) mutant obtained from the laboratory of
Prof. Vermaas [23] was grown under 5 μmol photons m−2 s−1
light intensity in BG-11 medium supplemented with glucose (10 mM)
and chloramphenicol (25 μg mL−1). High NDH-1 activity of the WT
cells was achieved by growing the cultures under higher light intensity
of 60–80 μmol photonsm−2 s−1, without extra CO2 supply. Unless stat-
ed otherwise, cells used for measurements were grown under white
light illumination of 40 μmol photons m−2 s−1 and the growing cham-
ber was supplied by 3% CO2.
Thermosynechococcus elongatus BP-1 cells were routinely grown in
BG-11 medium in a rotary shaker at 40 °C under 0.1% CO2 atmosphere.
The intensity of the illumination was 40 μmol photons m−2 s−1. For
freeze–thaw treatment cells were kept at−80 °C for 2 h, then thawed
on ice and kept at room temperature for 2 h in the dark. Thylakoids
from Thermosynechococcus were isolated as in [15], and were a kind
gift from the laboratory of Prof. James Barber. Chl concentration of the
thylakoids was 10 μg mL−1.
Acaryochloris marina MBIC11017 (denoted as Acaryochloris) cells
were obtained from the laboratory of Dr.Min Chen andwere grown in ar-
tiﬁcial sea water plus iron (4 mg L−1) at 6–10 μmol photons m−2 s−1,
at 27 °C in conical ﬂasks during continuous shaking. For measure-
ments cells were harvested in their late exponential growth phase.
After centrifugation (4000 ×g for 10 min) cells were resuspended
in fresh culture medium to achieve ﬁnal Chl concentration of
5 μg mL−1.2.2. Microaerobic conditions
Microaerobic conditions were achieved by the addition of glucose,
glucose oxidase (Sigma) and catalase (Sigma) at ﬁnal concentration
of 10 mM, 7 U mL−1 and 60 U mL−1, respectively. Under our experi-
mental conditions oxygen content of the sample dropped below
1 μmol L−1 within 3 min as monitored with an immersible ﬁber-optic
oxygen meter (Fibox 3, Presens).
2.3. Flash-induced increase and subsequent decay of chlorophyll
ﬂuorescence yield
Flash-induced increase and subsequent decay of chlorophyll
ﬂuorescence yield wasmeasured using a double-modulation ﬂuorome-
ter (FL-3000, Photon System Instruments, Brno) [24]. For measure-
ments cells were harvested in their late exponential growth phase.
After centrifugation (4000 ×g for 10 min) cells were resuspended in
fresh culture medium to achieve ﬁnal Chl concentration of 5 μg mL−1.
The instruments LED system provides both single turnover saturating
actinic ﬂashes (20 μs, 639 nm) and measuring ﬂashes (8 μs, 620 nm).
Fluorescence decay was recorded in the 150 μs to 100 s time range on
a logarithmic time scale. Flash-induced ﬂuorescence relaxation curves
were analyzed as described by [2]. Multicomponent deconvolution of
the monotonically decreasing curves was done by using a ﬁtting func-
tion with two exponential components (fast and middle phase) and
one hyperbolic component (slow phase):
Fv;corr ¼ A1exp −t=T1ð Þ þ A2exp −t=T2ð Þ þ A3= 1þ t=T3ð Þ þ A0
where Fv = F(t) − Fo, F(t) is the ﬂuorescence yield at time t, Fo is the
basic ﬂuorescence level before the ﬂash, A1–A3 are the amplitudes,
and T1–T3 are the time constants. Non decaying ﬂuorescence compo-
nent in the time span of the measurement is described by a constant
A0 amplitude. Fv,corr is the variable ﬂuorescence yield corrected for non-
linearity, taking into consideration the nonlinear correlation between
ﬂuorescence yield and the redox state of QA using the Joliot model
[25], with a value of 0.5 for the energy-transfer parameters between
PSII units.
2.4. Post-illumination rise of the ﬂuorescence yield
Post-illumination rise of the ﬂuorescence yield [26] was measured
by a double-modulation ﬂuorometer (FL-3000, Photon System Instru-
ments, Brno). Continuous red (639 nm) actinic illumination was ap-
plied for 30 s corresponding to the growth light intensity of the
examined cells followed by a dark period. Fluorescence was detected
by weak measuring ﬂashes (8 μs, 620 nm) at every 1 s in the last 5 s
of the illumination period, then every 50 ms in the ﬁrst 2 s of the dark
period, followed by 0.5 s repetition rate of measuring ﬂashes in the re-
maining time of dark adaptation.
2.5. Simulation of ﬂuorescence traces
Simulation of ﬂuorescence traces was performed by using a
mathematical model of electron transport processes on the basis of
an electron transport network, which is shown in Scheme 1. The
model includes 52 electron transport processes, which are listed in
Supplementary Table 1. These processes are described by a set of
connected linear differential equations according to the topology
shown in Scheme 1, and solved numerically using the Matlab soft-
ware package. The rate constants of the forward and backward elec-
tron transport processes (shown in Supplementary Table 2) were
taken from the literature, or obtained from our own measurements.
When data were not available for the backward rates we used the
reasonable estimation that the reverse processes proceed with
5–10% rate of the forward processes.
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Scheme 1. Schematic representation of the photosynthetic and respiratory electron transport pathways in cyanobacteria. The initial step of linear electron transport is charge separation
between P680+ and Phe−, and the ﬁrst steps of charge stabilization occur at the reduction of QA and the oxidation of Tyr-Z (YZ). For the sake of simplicity we describe only the formation of
the YZ+QA− state. The electrons fromQA− are transferred to plastoquinonemolecules (PQ) that bind to the so called QB site, and released to the lipid phase of themembrane after taking up 2
electrons and 2 protons (PQH2). The PQH2 molecules are reoxidized by the cytb6f complex, which transfers electrons to a soluble electron carrier in the thylakoid lumen. For the sake of
simplicity the ﬁne details of electron transport inside the cytb6f complex, such as the so called Q cycle are ignored. The electron carrier, which takes up electrons from cytb6f is usually
plastocyanin (PC), which is a copper containing protein. However, in cyanobacteria cyt-c553 can be an alternative of PC depending on environmental conditions, such as the availability
of copper. Either of these soluble electron carriers can reduce the oxidized PSI reaction center Chl P700+, or transfer electrons to the cytochrome oxidase (Cox), which use oxygen as elec-
tron acceptor. In the PSI complex P700+ is formed via light induced charge separation inwhich the electron is transferred through a series of acceptor molecules (A0, A1, FX, FA, FB), which
are considered here for the sake of simplicity as one acceptor state (A) that stabilizes the electron arriving from P700. The electrons arriving at the acceptor side of PSI transferred to
ferredoxin, which is a soluble iron–sulfur protein (FD). The main route of electrons from FD is towards ferredoxin-NADP-oxidoreductase (FNR). However electrons can also be cycled
back to the PQ pool via a process whose details are not well understood. The electrons arriving at FNR are utilized in the reduction of NAD(P)+ to NAD(P)H, which is used in the Calvin
cycle, in H2 production, and can also be transferred back to the PQ pool via the NDH-1 complex. FNR can probably also transfer electrons directly to the NDH-1 complex [62]. Electrons are
also fed into the PQpool from respiration via the succinate dehydrogenase (SDH) complex. The linear electron transport pathway goes fromwater to the Calvin–Benson cycle,whereas the
cyclic electron transport pathway proceeds via the direct Fd-dependent and the NDH-1 dependent routes.
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3.1. Microaerobic conditions induce wave phenomena in ﬂuorescence yield
relaxation in Synechocystis
A representative ﬂash-induced Chl ﬂuorescence decay curve of
Synechocystis cells is shown in Fig. 1. When measured under aerobic
conditions the ﬂuorescence yield monotonically decreases in the10-4 10-3 10-2 10-1 100 101 102
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Fig. 1. Flash-induced ﬂuorescence yield changes in Synechocystis cells. Relaxation curves
were detected after 3 min dark adaptation at room temperature (open circles) and after
15 min microaerobic incubation (closed circles) achieved by the addition of 10 mM
glucose, 7 U mL−1 glucose oxidase and 60 U mL−1 catalase. Curves were normalized to
the same initial amplitudes. The insert shows the original curves without normalization.150 μs–100 s detection time window (Fig. 1. open circles) as reported
several times in the literature [1–7,15–20]. The relaxation is dominated
by the fast phase (T1 ~ 570 μs, relative amp. 65%, Table 1), which re-
ﬂects electron transfer from QA− to QB (QB−). The middle phase (6 ms,
18%) arises from reoxidation of QA− by PQ which binds to the QB site
after ﬂash, whereas the slow phase (10 s, 17%), arises from the
S2QAQB− charge recombination (see [2]). However, an unusual behavior
of ﬂuorescence relaxation is observed when the cells are kept under
microaerobiosis (corresponding to b 0.3% of the oxygen content of aer-
ated samples with ~300 μmol L−1 dissolved oxygen). Under such con-
ditions the initial phase of the decay (up to 20 ms after the ﬂash)
becomes signiﬁcantly slower than in the aerated samples (Fig. 1. closed
circles). In addition, the curve shows a transient drop reaching a mini-
mum value of the ﬂuorescence yield at around 30–50 ms after the
ﬂash (denoted as “dip”), followed by an overshoot (denoted as
“bump”) with maximal intensity at around 1 s (Fig. 1, closed circles)
leading to a wave feature in the relaxation. In order to see clearly the
changes in the relaxation kinetics under different experimental condi-
tions the ﬂuorescence decay kinetics are usually shown in the ﬁgures
after shifting the Fo level of the curves to 0, and normalization of the ini-
tial amplitudes to 1. It has to be noted however, that oxygen deprivation
leads also to the increase of the Fo level as shownby theﬂuorescence re-
laxation curves in the inset. The elevated Fo level shows that the PQpool
becomes highly reduced in the microaerobic samples after the 15 min
dark period, which is applied before the ﬂash illumination.
To investigate the origin of thewave feature in theﬂuorescence yield
during relaxation various electron transport inhibitors and acceptors
were applied. When the QA to QB electron transport step is blocked by
DCMU (Scheme 1), the dominating phase of ﬂuorescence relaxation in
the aerobic samples is slowed down (1 s), which reﬂects QA− reoxida-
tion via the S2QA− charge recombination (Fig. 2A, closed squares).
Table 1
Decay kinetics of ﬂash-induced variable ﬂuorescence in Synechocystis cells under aerobic and microaerobic conditions in the presence of electron transport inhibitors and acceptors.
Multicomponent deconvolution of the ﬂuorescence relaxation curves presented in Fig. 2. The kinetics were analyzed in terms of two exponential components (fast andmiddle phase) one
hyperbolic component (slowphase) and a nondecaying component as described inMaterials andmethods. Values after slash are relative amplitudes as a percentage of total variable yield.
Standard errors of the calculated parameters are also indicated.
Fast phase
T1(μs)/A1(%)
Middle phase
T2(ms)/A2(%)
Slow phase
T3(s)/A3(%)
Nondecaying phase
A0 (%)
Aerobic conditions
No addition 570 ± 50/65.1 ± 2.5 6.2 ± 1.3/17.7 ± 2.6 10.3 ± 1.3/17.3 ± 0.4 0
+DCMU –/0 –/0 1.0 ± 0.1/100 ± 0.5 0
+DBMIB 770 ± 80/52.2 ± 2.3 22.8 ± 3.4/27.1 ± 1.7 6.1 ± 1.1/20.7 ± 0.8 0
+DMBQ 430 ± 50/53.7 ± 3.1 12.1 ± 2.1/20.9 ± 1.6 17.8 ± 2.1/25.4 ± 0.5 0
Microaerobic conditions
+DCMU –/0 0.9 ± 0.2/1.9 ± 0.4 1.1 ± 0.1/94.2 ± 1.0 3.9 ± 0.8
+DBMIB 2480 ± 500/16.9 ± 3.3 33.2 ± 9.7/23.9 ± 3.3 1.4 ± 0.1/59.2 ± 1.8 0
+DMBQ 680 ± 80/55.6 ± 2.6 16.1 ± 3.3/21.4 ± 2.0 9.1 ± 2.6/20.1 ± 1.5 2.9 ± 0.6
1525Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532Importantly, the above described wave in the ﬂuorescence yield decay
observed in oxygen deprived cultures (Fig. 2B open circles) was
completely abolished by the addition of DCMU (Fig. 2B, closed squares).
Another electron transport inhibitor, DBMIB, binds to the Qo pocket
of the cytochrome (cyt) b6f complex [27] and blocks PQ oxidation at this
site (Scheme 1) leading to the accumulation of reduced PQ (PQH2) in
the thylakoid membrane. In the presence of DBMIB the relative ampli-
tude of the middle phase of ﬂuorescence relaxation is increased (27%)
at the expense of the fast phase in the aerobic samples (Fig. 2A closed10-4 10-3 10-2 10-1 100 101 102
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Fig. 2. Effect of electron transport inhibitors and electron acceptors on ﬂash-induced
ﬂuorescence yield changes in Synechocystis cells. Relaxation curves were detected after
3 min dark adaptation (A), and after 15 min microaerobic incubation (B) achieved by
the addition of 10 mM glucose, 7 U mL−1 glucose oxidase and 60 U mL−1 catalase. Elec-
tron transport inhibitors and acceptors were added 2 min before the measurements:
10 μMDCMU (squares), 5 μMDBMIB (diamonds), 0.5 mMDMBQ (triangles), no addition
(circles). The curves were normalized to the same initial amplitudes.diamonds, Table 1). This effect can be explained by the decreased
amount of bound PQ at the QB site due to higher number of reduced
PQ molecules (PQH2) in the thylakoid membrane. Importantly, DBMIB
inhibits the development of the wave in ﬂash-induced ﬂuorescence
decay caused by oxygen deprivation (Fig. 2B, closed diamonds). The
dominating decay component in this case is the slow phase (59%), indi-
cating the accumulation of QA− in the same fraction of centers, which are
reoxidized by charge recombination with S2 state (Table 1). DMBQ, a
lipid soluble and stable electron acceptor of PSII [28], which keeps the
PQ pool largely oxidized, slightly increases the relative amplitudes as
well as the time constants of themiddle and the slow phases of ﬂuores-
cence decay under aerobic conditions (Fig. 2A closed triangles, Table 1).
Under microaerobic conditions the presence of DMBQ also abolished
the wave in the ﬂuorescence yield (Fig. 2B, closed triangles).
The above described effects of DCMU, DBMIB and DMBQ on the
kinetics of ﬂuorescence relaxation under microaerobic conditions dem-
onstrate that the reduction state of the PQ pool, together with free elec-
tron transport through it play a crucial role in the wave feature of the
Chl ﬂuorescence yield relaxation.
3.2. The NDH-1 complex and PSI are both required for the waving
ﬂuorescence yield relaxation in Synechocystis
PSI-mediated cyclic electron transport removes electrons from the
PQ pool via the cytb6f complex and plastocyanin (PC) or cyt-c553, and
also feeds electrons back to the pool via the thylakoid bound NAD(P)
H-quinone oxidoreductase complex (NDH-1) (see [29]) (Scheme 1).
The possible role of NDH-1 and PSI complexes in the ﬂuorescence
wave phenomenon can be conveniently studied by mutants lacking a
functional formof these complexes. Under aerobic conditions relaxation
of ﬂash-induced ﬂuorescence yield in the M55 mutant, which lacks the
B subunit of the NDH-1 complex [30] is almost the same as in the WT
(Fig. 3A open triangles), and the time constants and relative amplitudes
of the three decay phases are also very similar in the two strains
(Table 2.). In the PSI-less strain the relaxation is very similar to that in
theWT although the relative amplitude of themiddle phase is increased
(by 8%) at the expense of the fast phase (Table 2.), indicating an in-
creased reduction level of the PQ pool in the absence of PSI.
Under microaerobic conditions the ﬂash-induced ﬂuorescence
relaxation kinetics are signiﬁcantly different in the mutant and WT
strains. In contrast to the wave behavior seen in the WT (Fig. 1) no
such phenomenon was observed in the ﬂuorescence decay curve of ei-
ther the M55, or the PSI-less strain when the oxygen content of the
media was decreased (Fig. 3A and B, closed symbols). In the M55 mu-
tant the time constant and the relative amplitude of the middle phase
increased to a small extent, while the amplitude of the fast phase de-
creased (Table 2, Fig. 3A, closed triangles). In the PSI-less mutant the
ﬂuorescence decay curve is dominated by the slow phase (81%),
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Fig. 3. The effect of lacking the NDH-1 complex, or PSI on ﬂash-induced ﬂuorescence yield
changes in Synechocystis cells. The kinetics of ﬂuorescence decay is shown for the NDH1-
less M55 (A) and PSI-less (B) mutant cells. Relaxation curves were measured after 3 min
dark adaptation (open symbols), and after 15 min microaerobic incubation (closed sym-
bols) achieved by the addition of 10 mM glucose, 7 U mL−1 glucose oxidase and
60 U mL−1 catalase. Curves were normalized to the same initial amplitudes.
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squares). The time constant of this decay phase (1.2 s, Table 2.) shows
that QA− reoxidation occursmostly via charge recombinationwith stable
PSII donor(s) (S2QA−) in the oxygen deprived PSI-less mutant.
The above results show that both the PSI and NDH-1 complexes are
required for the appearance of the waving yield of ﬂash-induced Chl
ﬂuorescence, and point to the involvement of alternative electron trans-
port pathway(s) around PSI in the wave phenomenon.
3.3. High reduction level of the PQ pool is required for waving ﬂuorescence
yield relaxation in Synechocystis
In order to obtain further insight into themechanismof ﬂuorescence
yield wavewewere searching for experimental conditions in which theTable 2
Decay kinetics of ﬂash-induced variable ﬂuorescence in M55 and PSI-less Synechocystis mut
the ﬂuorescence relaxation curves presented in Fig. 3. The kinetics were analyzed in terms o
(slow phase) as described in Materials and methods. Values after slash are relative amplitude
also indicated.
Fast phase
T1(μs)/A1(%)
M55 mutant
Aerobic 540 ± 50/58.2 ± 2.2
Microaerobic 630 ± 80/37.2 ± 1.9
PSI-less mutant
Aerobic 300 ± 60/57.9 ± 6.2
Microaerobic 330 ± 70/11.5 ± 2.3reduction state of the PQ pool increases signiﬁcantly even under aerobic
conditionswhile intact electron ﬂow through PSII and PSI ismaintained.
Such a situation can be found under conditions, which induce transient
reduction of the PQ pool by NDH-1 mediated electron ﬂow in darkness,
and lead to the so called post-illumination rise in Chl ﬂuorescence
[26,31–36]. The activity of theNDH-1 complex in cyanobacterial cells al-
ters at different growth phases [37] and can also be affected by various
factors, such as CO2 concentration [38,39], light, and temperature
[40,41]. In our laboratory Synechocystis is cultured at 30 °C, 40 μmol
photons m−2 s−1 light intensity, and CO2 enriched (3%) atmosphere.
When cells grown under these conditions were illuminated by growth
light intensity for 30 s they showed only negligible post-illumination
rise of Chl ﬂuorescence yield (Fig. 4A, dotted line). However when
cells were grown under atmospheric CO2 and elevated light intensity
(60 μmol photons m−2 s−1) a signiﬁcant increase of ﬂuorescence
yield was observed after switching off the actinic illumination (Fig. 4A,
solid line). This ﬂuorescence rise shows a rapid reduction of the PQ
pool in darkness that reaches maximal level after a ~1 s dark period.
We checked the relaxation kinetics of ﬂash-induced ﬂuorescence yield
at the timeofmaximal PQ pool reduction, i.e. in a sample preilluminated
for 30 s by growth light followed by 1 s dark interval as indicated by the
arrow in Fig. 4A.However, ﬂuorescence relaxationmeasured in thisway
is inﬂuenced by the signiﬁcantly changing yield of post-illumination
ﬂuorescence rise superimposed on theﬂash-induced change of theﬂuo-
rescence yield. In order to compensate for the change of the background
signal a baseline curve was measured without any ﬂash excitation and
subtracted from the ﬂash induced trace. The resulting curve shows a
pronounced wave in ﬂash-induced ﬂuorescence yield (Fig. 4B, closed
circles) supporting the idea that high reduction level of the PQ pool is
required for the wave phenomenon. When the same type of measure-
mentwas performedwith cells grown under normal growth conditions,
which do not show the transient reduction of the PQ pool in the dark,
the wave feature of the ﬂuorescence decay was not observed (Fig. 4B,
open squares).
Flash-induced ﬂuorescence relaxation was also measured by the
usual method (i.e. after 3 min dark adaptation), in cells grown at high
light under atmospheric CO2. However, in this case the ﬂuorescence
relaxation showed only the well-known monotonically decreasing ki-
netics (Fig. 4C, closed diamonds), which was almost identical with
that observed in cells grown under the usual conditions, i.e. low light
and elevated CO2 (Fig. 4C, open triangles).
3.4. Wave feature of ﬂuorescence yield relaxation occurs in several species
of cyanobacteria
The effect of oxygen deprivation on the relaxation kinetics of ﬂash-
induced ﬂuorescence yield was tested in different cyanobacterial spe-
cies. The waving yield was induced bymicroaerobic incubation to a sig-
niﬁcant extent in Synechococcus cells (Fig. 5A, closed squares). However
in the marine cyanobacterium Acaryochloris only the increase of the
middle phase could be observed, but no clear dip or bump appeared
in the ﬂuorescence decay kinetics (Fig. 5B, closed triangles). In theant cells under aerobic and microaerobic conditions. Multicomponent deconvolution of
f two exponential components (fast and middle phase) and one hyperbolic component
s as a percentage of total variable yield. Standard errors of the calculated parameters are
Middle phase
T2(ms)/A2(%)
Slow phase
T3(s)/A3(%)
7.5 ± 1.3/19.3 ± 2.0 5.7 ± 0.6/22.5 ± 0.5
15.7 ± 1.5/34.4 ± 1.4 3.9 ± 0.4/28.4 ± 0.6
1.6 ± 0.4/26.0 ± 5.2 3.7 ± 0.5/16.1 ± 0.4
1.2 ± 0.3/7.3 ± 1.5 1.2 ± 0.1/81.2 ± 0.6
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Fig. 4. Flash induced ﬂuorescence yield changes in Synechocystis cells grown under differ-
ent environmental conditions. Post-illumination rise ofﬂuorescence yield (A) after 30 s il-
lumination by growth light intensity in cells grown at 3% CO2, 40 μmol photons m−2 s−1
light intensity (solid line) and at 0.1% CO2, 60 μmol photons m−2 s−1 light intensity
(dotted line). Growth temperature was 30 °C in both cases. Light gray bar represents
the last 5 s of illumination, while dark period starts at 0 s of the scale and it is illustrated
by black bar. The arrow indicates the 1 s dark point, where the exciting ﬂash was ﬁred
in the experiments presented on panel B. Fluorescence yield changes induced by ﬂash ex-
citation after 1 s (B) and 3 min (C) dark time period following the 30 s growth light illu-
mination are shown in the cells grown at 0.1% CO2, 60 μmol photons m−2 s−1 light
intensity (closed symbols) and in the cells grown at 3% CO2, 40 μmol photons m−2 s−1
light intensity (open symbols). Curves onpanel Bwere corrected by the background signal
detected without any ﬂash excitation. Relaxation curves were normalized to the same
initial amplitudes.
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Fig. 5. Flash-induced ﬂuorescence relaxation curves in Synechococcus 7942 (A) and
Acaryochloris marina (B). Cells were grown under normal conditions (3% CO2, 40 μmol
photons m−2 s−1) and ﬂash-induced ﬂuorescence yield was measured after 3 min dark
adaptation in normal air (open symbols), or after 15 min incubation under microaerobic
conditions (closed symbols). All curves were normalized to the same initial amplitudes.
1527Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532case of the thermophilic cyanobacterium Thermosynechococcus unique
properties of ﬂuorescence relaxation kinetics were observed. In cul-
tures, which were grown under low CO2 (0.1%) post-illumination rise
of ﬂuorescence did not decay in the seconds time scale, as it wasobserved in the case of Synechocystis, but remained for several minutes
at the level detected under illumination by growth light intensity
(Fig. 6A). The sustained high level of post-illumination ﬂuorescence,
which decayed only after hours of dark adaptation (not shown), indi-
cates sustained reduction of the PQ pool in the dark following an illumi-
nation period. This phenomenon was accompanied by a signiﬁcant wave
in theﬂash-inducedﬂuorescence relaxation curvewhenmeasured in aer-
ated samples after 3 min dark adaptation either at room temperature
(Fig. 6B, closed circles), or at growth temperature (Fig. 6B, open circles).
This result shows that the observed phenomenon was not caused by
the shift between culturing and measuring temperatures, and the wave
feature in the yield of ﬂash-induced ﬂuorescence occurs also under phys-
iological conditions in intact cells of Thermosynechococcus.
Intactness of the cells is necessary for the appearance of the wave
feature in ﬂash-induced ﬂuorescence decay. Thermosynechococcus cells
previously exposed to freezing temperature (−80 °C for 2 h) do not
show the wave feature (Fig. 6B, open triangles) and their decay curves
are similar to ones obtained in isolated thylakoid membranes (data
not shown). When cells were grown at high CO2 (1%) the size of the
wave was smaller than in the low CO2 (0.1%) cells when measured
after 3 min dark adaptation (Fig. 6C, open squares), and completely dis-
appeared when measured after 30 min dark adaptation (Fig. 6C, closed
squares).3.5. The wave feature of ﬂuorescence yield relaxation reﬂects changes in the
reduction level of the PQ pool
The yield of the Chl ﬂuorescence is modulated by the redox state of
QA, which is inﬂuenced directly by the redox state of the PQ pool via
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Fig. 6. Flash induced ﬂuorescence yield changes in Thermosynechococcus elongatus. Cells
were grownat 40 μmolphotonsm−2 s−1 light intensity and 40 °C temperature and either
0.1% (A, B), or 1% CO2 (C). (A) Post-illumination rise of ﬂuorescence yield after 30 s illumi-
nation by growth light intensity. Gray bar represents the last 20 s of preillumination,while
the dark period starts at 0 s of the scale and it is illustrated by black bar. (B) Flash-induced
ﬂuorescence yield changes measured at 28 °C (solid circles) and at 40 °C growth temper-
ature (empty circles) from intact cells grown at 0.1% CO2, as well as in previously frozen
cells (triangles). (C) Fluorescence yield changes measured at room temperature in intact
cells grown at 1% CO2. The curves were detected after 3 min (open squares) and 30 min
(closed squares) dark adaptation time and were normalized to the same initial
amplitudes.
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Fig. 7. Double ﬂash experiment in Thermosynechococcus elongatus cells. In a standard
ﬂash-induced ﬂuorescence measurement the single saturating ﬂash excitation occurs at
1 ms. In double ﬂash experiment the second saturating ﬂash was applied at the indicated
time points. An example of single (circles) and double (stars) ﬂash-induced ﬂuorescence
yield measurement (A). In the latter case the second ﬂash was ﬁred at 0.01 s. Second
ﬂash induced changes were detected by the same logarithmic timing protocol as for the
standard single ﬂash decay. Second ﬂash-induced ﬂuorescence yield changes are shown
in logarithmic time scale (B) and represent the second ﬂash excitation at 0.0046 s
(squares), 0.022 s (triangles), 0.1 s (diamonds) and 2 s (hexagon). Curves were normal-
ized to the same initial amplitudes of the ﬁrst ﬂash induced yields. Decaying part
(1 ms–100 ms) of the second ﬂash induced curves were ﬁtted by two exponential
decay phases and the relative amplitudes of the fast (white column) and middle (gray
column) phase are presented (C). The sum of the relative amplitudes was normalized to
100. Standard errors of the calculated parameters are represented by error bars. The
time points of the second ﬂash excitations are indicated on X axis.
1528 Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532charge equilibria through theQB acceptor. Therefore, the observedwave
features in the ﬂuorescence yield are expected to reﬂect changes in the
redox state of the PQ pool. In order to obtain experimental support for
this hypothesis the following measuring protocol was applied for
Thermosynechococcus cells, which were grown at low CO2 (0.1%) condi-
tions. After the ﬁrst actinic ﬂash a second ﬂash was ﬁred with a certain
time delay to probe the actual redox state of the PQ pool. An example ofsuch a double ﬂash experiment is shown in Fig. 7A (stars), where the
second ﬂash was given 10 ms after the ﬁrst one. By changing the
delay between the 1st and 2nd ﬂashes the whole wave pattern was
scanned from 1 ms up to 10 s. Fluorescence relaxation after the second
1529Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532ﬂash was detected also in the logarithmic time scale and characteristic
traces, which were obtained after different time delays are presented
in Fig. 7B. The ﬁrst two phases of the relaxation curves – from the max-
imum level to the bottom of the ﬂuorescence dip – were ﬁtted by two
exponential decay components. The relative amplitudes of the fast
(white column) and middle phases (gray column) are presented in
Fig. 7C. Fewmilliseconds after the ﬁrst ﬂash the fast phase is completely
missing, and the ﬂuorescence decay is dominated exclusively by the
middle phase (Fig. 7B, squares). The fast phase was induced only after
10 ms. At longer delay times the fast phase was further increased with
concomitant decrease of themiddle phase, which reached itsmaximum
after 100 ms, when the ﬂuorescence trace has its dip (Fig. 7B, dia-
monds). At longer delay times the fast phase decreases again (Fig. 7B,
hexagons) with concomitant increase of the relative amplitude of the
middle phase (Fig. 7C).
The fast and middle phase of the ﬂuorescence decay reﬂects QA− re-
oxidation by forward electron transport in those PSII centers, where
the QB binding pocket is occupied or empty, respectively, at the time
of the excitation ﬂash (see [11–13]). If the ﬂuorescence relaxation
after the second ﬂash contains only the middle phase it shows that at
the time of the second ﬂash all QB binding pockets were empty or occu-
pied by PQH2, which could be explained by the signiﬁcant reduction of
the PQ pool. Based on these considerations the relative amplitude of
the middle phase of the ﬂuorescence decay measured after the second
ﬂash is an indicator of the reduction level of the PQ pool. Consequently,
Fig. 7C shows that right after the ﬂash the PQ pool is extensively
reduced, then it becomes partially oxidized, reaching maximal level of
oxidation at the time of the dip of the ﬂuorescence trace (ca. 100 ms),
and re-reduced again after longer periods of time.
The role of PQ pool reduction in the formation of the bump feature of
the ﬂuorescence yield wave could be further veriﬁed by the following
experiment. Fluorescencewas detected in a control experiment by a se-
ries of measuring ﬂashes placed on a logarithmic time scale resulting in
the usual wave feature (Fig. 8 empty circles). Alternatively, from the po-
sition of the bottom of the dip (100 ms) a linear sequence of closely
spaced (2 ms) measuring ﬂashes were applied (Fig. 8, solid line). This
protocol resulted in weak illumination from the time point of the dip
leading to oxidation of the PQ pool due to PSI activity, and consequently
to the disappearance of the bump from the ﬂuorescence relaxation
kinetics (Fig. 8, solid line).10-4 10-3 10-2 10-1 100 101
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Fig. 8. Effect of background illumination on the ﬂuorescence yield wave phenomenon in
Thermosynechococcus elongatus cells. Fluorescence yield changes were detected by apply-
ing measuring ﬂashes in logarithmic time sequence (circles), or using logarithmic spacing
in the ﬁrst 100 ms followed by a linearly spaced ﬂash sequence using 0.5 kHz measuring
ﬂash repetition rate (solid line). The switch point (100 ms) between the two time
sequences is indicated by the arrow. The curves are normalized to the same initial
amplitudes.4. Discussion
Measurement of ﬂash-induced changes in the yield of Chl ﬂuores-
cence is a widely used method in the investigation of photosynthetic
electron transport processes. Relaxation of ﬂuorescence yield, which
occurs after the initial, ﬂash-induced increase, has until recently been
reported to follow a monotonically decaying time course, and has
been interpreted in terms of electron transport events occurringmainly
within the PSII complex (see above and in Refs. [1–6]). However, our
previous observation of a transient increase of ﬂuorescence yield fol-
lowing its initial decline in intact Thermosynechococcus cells [21] and
also the appearance of a shoulder in the decay of Synechocystis [18] in-
dicated that the kinetics ofﬂuorescence relaxation can bemore complex
than originally thought, and may provide information about electron
transfer processes, which occur outside the PSII complex. In this work
we demonstrate for the ﬁrst time, that under special conditions ﬂash-
induced Chl ﬂuorescence relaxation reproducibly exhibits a wave
feature that shows a minimum at around few tens of milliseconds,
followed by a transient yield increase reaching its maximum at around
few seconds after the exciting ﬂash.
Our results demonstrate that PQ mediated electron transfer plays a
central role in thewave feature of theﬂuorescence yield. Scheme1 sum-
marizes the processes which inﬂuence the redox state of the PQ pool in
the thylakoidmembranes of cyanobacteria. Reduction of the PQpool oc-
curs via light induced electron transport from PSII, PSI mediated cyclic
electron transport, that proceeds directly via Fd or via FNR and the
NDH-1 complex [29,34,42–44], as well as by respiratory electron ﬂow
via the succinate dehydrogenase (SDH) and NDH-1 complexes. Oxida-
tion of the PQ pool proceeds via a quinol oxidase (Qox) or through the
cytb6f complex, which transfers the electrons to PSI and the terminal
cytochrome oxidase (Cox) [45–48] via a water soluble electron carrier
(PC, or cyt-c553) [49,50].
The key conditions required for the occurrence of thewave phenom-
enon in the ﬂuorescence yield relaxation are: (i) Undisturbed light driv-
en linear electron transport from PSII to stromal electron carriers via the
cytb6f complex and PSI. (ii) Highly reduced PQ pool. (iii) Functional
electron ﬂow mediated by the NDH-1 complex from highly reduced
stromal carriers to the PQ pool. The impacts of these conditions on the
ﬂuorescence kinetics are discussed below.4.1. The role of light driven electron ﬂow from PSII to stromal
electron carriers
The wave feature of ﬂuorescence yield relaxation is eliminated by
the application of electron transport inhibitors acting at the quinone
binding sites of either PSII, or of the cytb6f complex, as shown by the ex-
ample of DCMU or DBMIB, respectively. DCMU blocks the binding of
mobile PQmolecules at the QB binding site of PSII, and inhibits electron
transfer fromPSII towards the PQ pool.WhenDCMUbinds to the QB site
PQH2 cannot be formed, hence equilibration of electrons from the PQ
pool back to the QB and QA acceptors of PSII cannot occur. The backward
ﬂowof electrons from the PQpool toQA is very important since this pro-
cess makes possible to utilize Chl ﬂuorescence, whose yield is modulat-
ed by the redox state of QA, tomonitor the reduction level of the PQpool.
DBMIB inhibits thewave formation of theﬂuorescence yield by blocking
the so called Qo site of the cytb6f complex [27] where reoxidation of
PQH2 occurs, thereby preventing reduction of plastocyanin and conse-
quently electron transport towards PSI and the cytochrome oxidase.
The wave of ﬂuorescence yield relaxation is also eliminated by the arti-
ﬁcial quinone electron acceptor DMBQ, which takes up electrons from
PSII, but does not deliver them towards PSI via the cytb6f complex
[28]. The presence of intact electron transport at the level of PSI is also
an absolute requirement for the wave feature as demonstrated by the
absence of ﬂuorescence yield wave in the Synechocystis mutant that
lacks the PSI complex.
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Fig. 9. Simulation of inhibitor effects in Synechocystis cells. Flash induced ﬂuorescence
transients and the reduction level of the PQ pool was simulated by using an in silico
model of the electron transport network of Synechocystis cells on the basis of Scheme 1
with the rate constants shown in Supplementary Table 2 (the complete list of the included
electron transport processes is shown in and Supplementary Table 1). A. Simulated ﬂuo-
rescence transients (A) and PQH2 concentration (B). Simulations were performed under
aerobic conditions in the absence of inhibitors (open circles) and under oxygen depriva-
tion (closed symbols) in the absence of inhibitors (circles) and in the presence of DCMU
(squares) or DBMIB (diamonds).
1530 Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532These data demonstrate that light driven electron transfer from PSII
to stromal electron carriers via the cytb6f and the PSI complexes is a
prerequisite of waving ﬂuorescence yield relaxation.
4.2. The role of reduction level of the PQ pool
Although linear electron ﬂow fromPSII to stromal electron carriers is
clearly required for the appearance of ﬂuorescence yield wave this con-
dition alone is not sufﬁcient for the observed phenomenon. The wave
feature of ﬂuorescence yield in dark adapted Synechocystis cells appears
only under microaerobic conditions when the terminal oxidase activity
is impaired due to the lack of its electron acceptor O2, and consequently
the PQ pool becomes signiﬁcantly reduced in the dark via respiratory
electron transport (Scheme 1). This ﬁnding leads to the conclusion
that increased reduction level of the PQ pool plays an important role
in the ﬂuorescence yield wave phenomenon. This idea was conﬁrmed
further by detecting waving ﬂash-induced ﬂuorescence decay even
under aerobic conditions when the exciting pulse was applied at the
top of the post-illumination ﬂuorescence rise. Under these conditions
the electron ﬂow from stromal reductants results in a transient reduc-
tion of the PQ pool shortly after a preillumination period [31]. It is im-
portant to note that in the same preilluminated Synechocystis cells the
wave phenomenon was completely abolished when the ﬂash was
given after 3 min dark adaptation (Fig. 4C), i.e. when the PQ pool be-
came more oxidized by the action of terminal oxidases. The role of the
reduction level of the PQ pool in the waving ﬂuorescence yield relaxa-
tion was also supported by the observation of this phenomenon in
low CO2-grown Thermosynechococcus cells that keep the PQ pool highly
reduced in the dark even under aerobic conditions.
These data demonstrate that high reduction level of the PQ pool is
crucial for the appearance of the wave phenomenon in the yield of
ﬂash-induced ﬂuorescence relaxation. The extensively reduced PQ
pool is most likely required for the efﬁcient backﬂow of electrons from
the PQH2 to QA making it possible to monitor the reduction level of
the PQ pool by ﬂuorescence yield relaxation.
4.3. The role of the NDH-1 mediated electron ﬂow
Microaerobic conditions not only increase the reduction level of the
PQ pool, but enhance also the cyclic electron ﬂow around the PSI
complex (see Ref. [43]), which could also be involved in the wave phe-
nomenon of ﬂuorescence relaxation. The essential role of PSI in the
ﬂuorescence yield wave as part of the linear electron transport chain
has been discussed above. However, PSI is also absolutely required for
cyclic electron transport, which can be mediated by mediated directly
by Fd and FNR, and indirectly by NDH-1 and succinate dehydrogenase
([29,34,42–44]). Our data showing the absence of ﬂuorescence
yield wave in the M55 mutant of Synechocystis, that lacks functional
NDH-1 complexes [22] demonstrates that NDH-1 is also a critical
element of the wave phenomenon. Furthermore, Synechocystis and
Thermosynechococcus cells showed more pronounced ﬂuorescence
wave when cultured under low CO2 conditions that are known to ele-
vate the amount of NDH-1 complexes (see [29]). The role of the NDH-
1 complex could be two fold. Being part of the cyclic electron transport
chain it is essential for delivering electrons from the acceptor side of PSI
back to the PQ pool. On the other hand the NDH-1 complex can also be
involved in the generation of highly reduced PQ pool in the dark byme-
diating respiratory electron ﬂow towards the membrane soluble PQ
acceptors. This idea is supported by the impaired respiration of the
M55 mutant that lacks functional NDH-1 complexes. In this strain the
ﬂuorescence transient lacks not only the “dip” and “bump” features,
but the increase of the middle phase, which is assigned to increased
reduction of the PQ pool, is also smaller than that observed in the WT
cells. Although some cyclic electron ﬂow mediated by the NDH-1-
independent antimycin A-sensitive ferredoxin:plastoquinone reductase(FQR) pathway is present in the M55 mutant [34,51] this is insufﬁcient
to induce the ﬂuorescence wave phenomenon.
4.4. Wave phenomenon in ﬂuorescence yield relaxation reﬂects transient
changes in the redox state of the PQ pool due to imbalance of linear and
NDH-1 mediated electron ﬂow
The wave phenomenon in the ﬂuorescence relaxation kinetics has
three main features, which make it different from the usual, monoto-
nous decay. These features are the increased Fo level accompanied
with high proportion of the middle phase, and the presence of the dip
which is followed by the bump. Our data can be explained in the frame-
work of a model, which postulates that in the presence of highly re-
duced PQ pool, high level of stromal reductants, as well as functional
linear and NDH-1 mediated electron ﬂow illumination by a single turn-
over ﬂash induces a transient change in the reduction level of the PQ
pool, which is transmitted back to QA via charge equilibria among the
PQH2, QB and QA acceptor components and leads to ﬂuctuations in the
yield of the ﬂuorescence relaxation transient.
The increased Fo level and the high proportion of the middle phase
are direct consequences of highly reduced PQ pool which increases
the QA− level in the dark leading to elevated Fo, as well as increases the
amount of PSII centers with unoccupied QB sites leading to a large mid-
dle phase. The explanation of the dip, i.e. the decrease of ﬂuorescence
yield close to, or often below the apparent Fo level requires a process
that oxidizes the PQ pool to a signiﬁcant extent at 30–50 ms after the
ﬂash. Based on the elimination of the dip by DBMIB and by the lack of
1531Z. Deák et al. / Biochimica et Biophysica Acta 1837 (2014) 1522–1532PSI efﬁcient electron withdrawal from the PQ pool by PSI via the cytb6f
complex is essential for the appearance of the dip feature. The strongox-
idizing effect of the PQ pool by PSI can be explained by the high PSI:PSII
ratio which is typical for cyanobacteria [52]. The appearance of the
bump, i.e. the transient increase of ﬂuorescence yield in the few tens
of ms to the few s time range after the ﬂash, requires a process that
feeds electrons back to the PQ pool with a signiﬁcant time delay after
the exciting ﬂash. Based on the lack of the bump in the absence of the
NDH-1 complex we suggest that this feature reﬂects electron ﬂow
from reduced stromal components, which is mediated by the NDH-1
complex. The idea of transient oxidation of the PQ pool is supported
by the double ﬂash experiment where the change in the reduction
state of the PQpool is reﬂected by the ratio of the fast andmiddle phases
of ﬂuorescence relaxation after the second ﬂash (Fig. 7).
In order to provide further support for the interpretation of the un-
usual wave feature of ﬂuorescence relaxation we developed a kinetic
model of photosynthetic electron transport, which involves PSII, PSI,
cytb6f, NDH-1, PQ, stromal and lumenal electron carriers according to
Scheme 1. The involved electron transport processes are listed in Sup-
plementary Table 1, and the rate constants of the individual processes
are summarized in Supplementary Table 2. Similar approaches have
been used earlier to simulate steady state variable Chl ﬂuorescence in-
duction transients [10,53,54] or CO2 ﬁxation [55,56]. However, our
model describes in detail the interaction of photosynthetic and respira-
tory electron transport, which are important for the interpretation of
the results presented here. As a target of simulation we have chosen
the effect of electron transport inhibitors in Synechocystis under
microaerobic conditions. The data in Fig. 9. showgood qualitative agree-
ment between the measured ﬂuorescence transients (presented in
Fig. 2) and the simulated changes in the concentration of QA− (Fig. 9A).
Furthermore, the simulated changes in the amount of reduced PQ
(PQH2) conﬁrm the idea that the ﬂuorescence yield changes in the dip
and bump region of the ﬂuorescence relaxation curves reﬂect the tran-
sient oxidation of the PQ pool. According to the simulation under aero-
bic conditions the PQ pool is mainly reduced in the dark due to the
respiratory electron ﬂow into the PQ pool, which is not compensated
by the function of cytochrome and quinol oxidases (Cox and Qox, re-
spectively). Although the light pulse induces a transient decrease in
the amount of PQH2 (Fig. 9B, empty circles), this effect has nodetectable
inﬂuence on the ﬂuorescence transient since the level of reduced PQH2
is not sufﬁcient to induce signiﬁcant changes in the amount of QA− via re-
verse electron ﬂow (PQH2/PQ↔ QB−/QB↔ QA−) (Fig. 9B, empty cir-
cles). Under microaerobic conditions, which are simulated by setting
the rate constants of the Cox andQox oxidases to 0 the PQ pool is almost
completely reduced before and after the ﬂash and shows a transient ox-
idation in ﬁrst 30–50 ms time range after the ﬂash, which is reversed
back in the 50 ms–1 s time interval (Fig. 9B, closed circles). This tran-
sient oxidation and its recovery corresponds to the development of
the dip and bump features of the simulated (Fig. 9A, closed circles)
and measured (Fig. 2B open circles), ﬂuorescence yield, and shows
also good agreement with the measured change of PQ pool reduction
(Fig. 7, C). The transient oxidation of the PQ pool also develops in the
presence of DCMU, which is simulated by setting the rate constant of
PQ binding to the QB site to 0, (Fig. 9B, closed squares). However, in
that case backward electron ﬂow from PQH2 is blocked, therefore
the wave feature of the ﬂuorescence transient is eliminated both in
the simulated and measured curves (closed squares in Figs. 9A, and
2B, respectively). When the PQH2 binding to the Qo site of the
cytb6f complex is blocked by DBMIB, which is simulated by setting
the rate of PQH2 binding to 0.1, the transient oxidation of the PQ
pool is eliminated since PSI cannot extract electrons via cytb6f
(Fig. 9B, closed diamonds). Although under these conditions the
ﬂuorescence decay is slow due to the low amount of PQ that could
deliver electrons from PSII to the PQ pool the wave is eliminated
both in the simulated and measured ﬂuorescence curves (closed
diamonds in Figs. 9A and 2B, respectively).We observed wave feature of ﬂuorescence relaxation in
various cyanobacterial species (Synechocystis, Thermosynechococcus,
Synechococcus) both under aerobic (Thermosynechococcus) and micro-
aerobic (Synechocystis, Synechococcus) conditions. Therefore, the wave
feature of ﬂuorescence relaxation appears to represent a general phe-
nomenon under particular experimental conditions. However, in the
ﬂuorescence relaxation of Acaryochloris cells this wave feature did not
appear under the conditions tested in the present work. Although the
middle phase of ﬂuorescence decay was increased under microaerobic
conditions – indicating an increased reduction level of the PQ pool – a
clear dip and bump feature did not develop. Since the redox potential
of QA/QA− is more positive (−76 mV) in Acaryochloris than in
Synechocystis (−140 mV) [57] the backﬂow of electrons from PQH2 to
QA should not be limiting in Acaryochloris. On the other hand the PSI:
PSII ratio is signiﬁcantly smaller in Acaryochloris (estimations ranging
from 1 [58] to 1.8 [59]) than in Synechocystis (ca. 3, [52]). Therefore,
electron injection into the PQ pool by PSII and electron withdrawal by
PSI during a light pulse should be well balanced in Acryochloris
preventing or decreasing transient oxidation of the PQ pool, which is a
prerequisite of the wave phenomenon.
4.5. Potential applications of the ﬂuorescence yield wave phenomenon
The appearance of wave phenomenon in the relaxation of ﬂash-
induced Chl yield increase reﬂects conditions inside the cells, when
highly reduced PQ pool is accompanied with increased activity of
the NDH-1 complex. Therefore, characterization of ﬂuorescence
wave transients can be a highly useful tool to investigate important
features of cyanobacterial electron transport. Some of the obvious
targets are: (i) Characterization of the rate of electron transfer from
stromal components to the PQ pool. (ii) Clariﬁcation of the role of
the two forms of FNR [60] in electron delivery to the NDH-1 complex.
(iii) Investigation of the role of the recently identiﬁed cyanobacterial
ﬂavodiiron proteins [6,20,61] in electron delivery processes from PSI
and PSII which serve as photoprotective pathways. (iv) Investigation
of the role of terminal oxidases in regulating the redox level of the PQ
pool under various environmental conditions. These studies require
mutants, which are mostly available, and could be performed in
forthcoming studies by utilizing the potential of the ﬂuorescence
yield wave phenomenon reported here.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.01.003.
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